We propose a barrierless mechanism for describing the oxidation of Al(111) in which oxygen atoms located on the outer surface extract aluminum atoms of the surface layers through local cooperation of other pre-adsorbed oxygen atoms. We show the details of this complex chemical process that kinetically competes with the non-destructive formation of an oxygen monolayer onto the Al surface, thus elucidating the initial aluminum oxidation regime. We demonstrate that further stripping of the complete surface Al layer is consistent with both (i) the formation of a defective alumina structure and (ii) an oxide capping layer preventing further oxidation at low temperature.
INTRODUCTION
Because of its practical importance and apparent simplicity, the oxidation of Al(111) has been considered to represent a model system for metal oxidation in general. Despite considerable efforts from both theoreticians and experimentalists, [1] [2] [3] [4] [5] the early stage of Al oxidation remains controversial. On the experimental side, the first comprehensive picture of the aluminum oxidation and its different regimes was clearly reviewed by Brune et al. 1, 2 in the early nineties. As far as the present paper is concerned, this includes dissociative chemisorption of oxygen molecules at low coverage leading to the formation of (1 × 1) patterns attributed to the positioning of the oxygen atoms in the threefold fcc hollow Al(111) surface sites. This process is quickly accompanied with the formation of oxide islands long before the complete (1 × 1) oxygen surface coverage can be observed. On the theoretical side, a detailed understanding of the basic oxidation chemistry driving the initial growth of aluminum oxide on top of the Al(111) surface remains elusive as well as controversial in the literature. While O 2 dissociative chemisorption has been asserted from static density functional theory (DFT), molecular dynamics (MD), and Monte Carlo simulations, [6] [7] [8] several scenarios have been proposed to depict the nucleation/formation of the oxide. 5, [9] [10] [11] [12] [13] [14] All of them agree for an oxide formation mechanism involving the oxygen penetration into the Al subsurface. This will be further re-interpreted in the present article. The main controversy was attributed to the exact transition between the dissociative adsorption stage where oxygen atoms do not penetrate, leading to the (1 × 1) oxygen pattern discussed above, and the formation of the aluminum oxide nuclei. Kiejna and Lundqvist, 9, 10 without looking at the chemical pathways, show that direct incorporation of oxygen atoms into the subsurface becomes thermodynamically favorable once the oxygen monolayer (ML) coverage is reached. On the other hand, in the work by Colombi Ciacchi and Payne, 11 based on MD simulations, the penetration starts at much lower coverage of 20%.
In our work, new findings allow us to encompass these apparent contradictory assumptions. We demonstrate that the first stage of aluminum oxidation is ruled by a kinetic versus thermodynamic process in which the oxidation nucleation is performed through extraction of Al atoms as a result of a preexisting local and specific arrangement of oxygen atoms. This leads to a layer-by-layer "stripping" of the aluminum surface under oxygen exposure that does not need any thermal activation up to the oxidation of 2 ML of aluminum. We also give directions to connect these findings with the Al/Alumina interface structuring.
COMPUTATIONAL DETAILS
We performed both static and MD simulations using DFT with the Perdew-Burke-Ernzerhof implementation of the generalized gradient approximation (GGA-PBE) 15 in VASP 5.2 (Vienna ab initio Simulation Package). [16] [17] [18] [19] We used a plane wave basis set with an energy cutoff of 400 eV to describe the one-electron wavefunctions of the valence electrons, a Monkhorst-Pack mesh 20 of 2 × 2 × 1 k-points for the first Brillouin-zone integration, and projected-augmented waves 21, 22 to represent inner electrons. An aluminum orthorhombic supercell containing a slab composed of 6 layers of 16 atoms each and 15 Å of vacuum was built to model the metal (111) surface. The deepest Al layer was fixed in order to mimic the bulk behavior. Both climbing image nudged-elastic band (NEB) 23 and drag methods were employed to determine activation barriers (noted E ‡ ) along chosen reaction paths.
RESULTS AND DISCUSSION
In a first part, we unravel the key oxidation mechanisms up to the first ML oxygen coverage. We start by noticing that neither atomic oxygen nor molecular oxygen is able to penetrate the Al surface. Once an oxygen atom is adsorbed in the most favorable surface site (fcc site, H = -7.65 eV), it FIG. 1. Al atom extraction mechanism through the pre-existing oxygen surface layer (in red) thanks to an additional incoming oxygen atom above the oxygen surface layer (see 1/). Three Al atoms, in green, are extracted from the first Al layer and, in an upward motion (see 2/), finally stabilize above the oxygen layer, underneath the incoming oxygen atom (see 3/). migrates endothermically: (i) on the surface towards hcp sites ( H = +0.41 eV, E ‡ = +0.69 eV), and (ii) down the subsurface in a tetrahedral site ( H = +0.75 eV, E ‡ = +1.73 eV) making this penetration unfeasible at room temperature. On the other hand, molecular oxygen easily dissociates at low temperatures (E ‡ in the range of 0.25 eV according to Ref. 7 including spin transition), giving rise to two oxygen atoms carrying extra energy released during adsorption (our estimate: 8.5 eV), so-called "hot-adatoms" by Brune et al. 1, 2 This energy can be transformed into kinetic energy and the oxygen atoms undergo surface translational motions (also called hyperthermal diffusion 24 ), until they are thermalized. Finally, they preferentially stabilize on distant fcc sites. Despite this separation between adatoms, confirmed experimentally at very low coverage and by MD simulations by Engdahl et al., 24 they can further gather on the surface to form oxygen islands (after a time estimated to 0.1 s at room temperature), according to the diffusion barriers given above, in agreement with experimental observations at 300 K by Brune et al. 1, 2 Starting from islands formed on the surface, we observe that atomic oxygen penetration still remains endothermic with H = +0.74 eV. In contrast, when oxygen islands are already formed on the substrate, the hyperthermal dissociation of oxygen molecules may bring one of the atoms on top of an existing oxygen island. In the case where the island contains at least three oxygen atoms, we observe the coupling of the incoming oxygen with the Al atoms situated underneath the oxygen island. This coupling results in an upward motion of these Al atoms through the pre-existing oxygen island and their stabilization just above it as shown in Fig. 1 and described in more detail here below. This process is energetically less favorable than the incoming oxygen atom being adsorbed at the island edge, but is kinetically favored because of the strong coupling between the incoming oxygen and the subsurface Al atoms. Once the Al atoms are extracted, the energy barrier to push down Al atoms and place the oxygen at the island boundary is too high to be probable at room temperature. The strong coupling is also at the origin of the barrierless extraction mechanism. We should mention that the barrierless part of the mechanism concerns only atomic incoming oxygen and holds after the dissociation of the oxygen molecule. This constitutes a novel chemical process leading to the formation of an oxide nucleus on the aluminum surface. This barrierless exothermic process is observed at all possible oxygen coverages, provided that the oxygen island contains at least three atoms. Depending on the size of the island, two or three aluminum atoms are extracted from the substrate. The detailed intermediate stages illustrating this extraction mechanism are pictured in Fig. 2 , for an island containing eight oxygen atoms. The overall presented chemical path is barrierless and has been depicted via static minimization calculation having its initial state as pictures in Fig. 2(1/) . On the left side ( Fig. 2(1/) ), an oxygen atom is positioned on the surface with already eight pre-adsorbed oxygen atoms. In Fig. 2(2/) , the oxygen adatom interacts with three aluminum atoms of the surface, which were initially located under the oxygen island and start to climb, until they pass through the oxygen layer ( Fig. 2(3/) ) and two of them bind with the oxygen adatom. In Fig. 2(4/) , the oxygen adatom falls further down to pick up the third Al atom. Then the ensemble climbs again to form the oxide nucleus (Fig. 2(5/) ), where the three extracted Al atoms stabilize above the oxygen island. Here we note that the three Al atoms do not play a symmetrical role in this mechanism. The result is that, depending on the O adatom local environment, two or three Al atoms can be pulled out of their sites and bind with O.
Importantly, this process is independent of the cell sizes (larger cells have been tested), and indeed initiates with a nominal mesh of three O(1×1) atoms. An examination of the electronic density in the final structure (data not shown) evidences that the chemical process occurs locally, around the oxide nucleus, the density being not affected anywhere else. This domain is represented in Fig. 3 as the final structure. Note that the oxide nucleus highlighted by a hexagon is rather small: the extraction process occurs in a really restricted space and involves only the three extracted Al (in this case), the added O atom, and the six oxygen atoms of the island right below. The oxygen adatom and extracted Al do not move laterally during the extraction process, they simply climb from their initial location in the direction normal to the surface, leading to the rearranged configuration visible in Fig. 2(5/) . In this structure, the three Al form the basis of a tetrahedron that could be completed through further oxidation. Finally it is to be noted that the empty space initiated by the Al extraction process cannot be assimilated as vacancies as an examination of the charge density indicates that, after extraction, electrons are largely redistributed in these sites (data not shown).
In order to unravel the fundamental impact of this extraction mechanism on the oxidation of aluminum, we have tested it against other mechanisms described in the literature, namely the adsorption on the surface and the incorporation into the subsurface. Therefore we did simulate all these three mechanisms and related pathways for all surface coverages. The results are reported in Fig. 4 , which shows the incremental binding energy of adding one oxygen atom (see figure caption), versus surface coverage, up to 2 ML coverage. The binding energies are expressed as:
, where O ∞ is the reference energy for isolated atomic oxygen, N.O is the number of oxygen atoms adsorbed on the slab. E represents the total energy of the system after geometry optimization. In practice, we add FIG. 4 . In all three curves, a complete (1 × 1) oxygen monolayer is gradually constructed: the black line represents the simple formation of this monolayer; in the blue dashed line, up to 16 O atoms, the last oxygen atom is incorporated in the subsurface, from 16 to 32 atoms, the filling of the subsurface sites are gradually completed; in the red spotted line, up to the deposition of 16 O atoms, the last one is placed on top of the O layer thus inducing the extraction mechanism, from 16 to 32 atoms, the oxide surface is gradually covered with O atoms to induce the extraction mechanism.
oxygen atoms at the most favorable site of the islands boundaries, with regard to its binding energy. This procedure leads to closed shell configurations when the incremental bindings are maximal. Adding one more oxygen to a closed shell unavoidably results in a non-compact geometry, and in a reduced incremental binding energy. Therefore, the absolute values of binding energies are slowly increasing as a function of the coverage, presenting oscillations that result from the more or less compact geometries of the oxygen islands. Figure 4 shows that, up to 1 ML completion, the oxygen adsorption is always preferential, by 0.5 to 1 eV, with respect to either subsurface incorporation or extraction mechanisms. This agrees with experimental observations of (1 × 1) adsorbed oxygen patterns.
9, 10 However, we have to evaluate the kinetically occurring mechanisms leading to less stable structures, i.e., extraction and incorporation mechanisms. In the case of oxygen adsorption, we demonstrated that an oxygen atom on top of a pre-adsorbed oxygen island will definitely extract Al atoms from the subsurface. The resulting configuration is stable in time, although not favorable energetically. These kinetic effects may explain the formation of oxide islands before completion of the first oxygen layer on the Al(111) surface. Again, from the observation by Brune et al.,
1, 2 the very initial oxidation stage is characterized by the growth of these (1 × 1) oxygen islands followed rapidly by an oxidation process at the island locations. This is no more the case for subsurface incorporation that is energetically unfavorable and kinetically unfeasible at low coverage. After 1 ML completion, the adsorption mechanism is no more relevant: subsurface incorporation and extraction are the only mechanisms in competition. In Fig. 4 , we show that the subsurface incorporation (blue dashed line) is energetically more favorable, although the extraction (red spotted line) is indirectly observed in experiments. We have explained this paradigm by investigating the reaction pathways associated to these mechanisms. As we stated above, the extraction mechanism is spontaneous, even at low temperatures. In the initial regime, it will occur as soon as an oxygen molecule is deposited on top of an (1 × 1) oxygen island. The subsurface incorporation, on the other hand, requires the migration of an oxygen atom through both the adsorbed oxygen and the Al subsurface layers. We determined the activation barrier to be of 5 eV, using the NEB method. Under this condition the subsurface incorporation is kinetically improbable. To summarize, the extraction mechanism is the only mechanism in competition with adsorption during this first stage of Al(111) oxidation. This competition between Al extraction and oxygen adsorption unifies the apparently contradictory results cited before, with MD results tending to prove that Al oxidation starts at low oxygen coverage, 11 while static calculations being in favor of oxidation after the complete ML coverage 9, 10 without consideration of kinetic effects.
We finally follow up the extraction process to see when the barrierless oxidation stops and opens the way to a thermally activated regime. The gradual addition of oxygen atoms on the outer surface beyond 1 ML coverage leads to the complete and barrierless stripping of the topmost Al layer. this process visible in Fig. 5(1/) ), and connect to the Al atoms underneath which, in turn, are oxidized, some of them being frankly displaced above the oxygen layer (as seen in the end structure after 2 ML exposure in Fig. 5(2/) ). The oxide propagation to the second layer requires therefore a concerted motion of downward diffusion of oxygen atoms and an upward diffusion of Al atoms. When 2 ML oxygen coverage is finally reached, the two topmost Al layers have been oxidized by successive extraction and propagation processes as sketched in Fig. 5 (2/), leading to a new 6 Å thick oxide phase. After this 2 ML oxygen exposure, additional oxygen species will not react anymore with the substrate, marking the end of the barrierless growth regime.
We now examine the structure of the oxide layer. The following remarks can be made: (i) the proposed structure, disordered and defective, is surprisingly more stable than the well ordered and defect-less structure proposed by Kiejna and Lundqvist 9, 10 (4 eV difference, i.e., 0.25 eV per surface atom contribution as seen in Fig. 4 ), (ii) the latter observation is probably related to the identification of Al atoms surrounded by either four or six oxygen atoms, forming aligned tetrahedral and octahedral cages respectively (Fig. 6) . The structure also exhibits two characteristic bond-lengths: a short one, with d O-Al = 1.73-1.77 Å, corresponding to the tetrahedrons, and a longer one with d O-Al = 1.83-1.89 Å for the octahedrons. All these elements are comparable to the structure of bulk γ -Al 2 O 3 , with tabulated bond-lengths values of 1.76 and 1.83 Å, respectively. 25 Interestingly, the deviations between our results and tabulated values are small despite a strongly distorted sub-stoichiometric structure (32 O for 27 oxidized Al atoms). These structural information allow us to identify a (111) oriented defective γ -Al 2 O 3 growth on top of the Al(111) surface. In principle, large size systems are needed to identify accurately such orientations, since strain due to lattice mismatch can deeply alter the atomic positions. However, in our case, a coincidence lattice site study shows that these planes offer an almost perfect lattice matching with only 2% mismatch. For this study, we consider a number of low index crystal planes of γ -Al 2 O 3 and determine the corresponding 2D lattice cells. For the planes that show a hexagonal structure, similar to Al(111), the lattice parameter is calculated to define the mismatch with the substrate surface. The (111) plane of γ -Al 2 O 3 shows the lowest mismatch with Al(111) and is therefore expected to be subject to the lowest strain. To confirm these orientations, we have also considered a larger unit cell composed of 64 Al surface atoms, without observing noticeable differences. Moreover, in addition to the plane orientation, we have also examined the axial orientation of the tetrahedral and octahedral cages, with respect to γ -Al 2 O 3 lattice. Bulk γ -Al 2 O 3 has long been described as a highly defective spinel lattice, giving rise to a pseudo-amorphous structure as described in Ref. 26 . Recently, several studies did show that γ -Al 2 O 3 can also be constructed as a defective hausmannite Mn 3 O 4 structure [26] [27] [28] where Al atoms replace Mn. Interestingly, the octahedrons and tetrahedrons in hausmannite, oriented along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction, show structures similar to those shown in Fig. 6 . Finally, these structures are in agreement with previous experimental data concerning thin oxide films grown on aluminum surfaces. [29] [30] [31] These data assert that at temperatures above 475 K, there is clearly a crystalline oxide phase formed, proved by experiments to be an epitaxial development of "γ -like-Al 2 O 3 ." 30 Our work supports these findings and suggests that the structure characteristics of alumina are already found in the very early stage of the growth.
CONCLUSION
In summary, we report on the chemical mechanisms that are driving the initial stage of aluminum oxidation. We unravel that the aluminum oxidation is driven by a barrierless Al extraction mechanism arising from the prior local arrangement of adsorbed oxygen atoms onto the aluminum surface. This specific chemistry is responsible for the spontaneous formation of an alumina structure that does not require any thermal activation up to the stripping of two Al layers. A close examination of the apparently amorphous aluminum oxide layers reveals a (111) oriented γ -Al 2 O 3 like deposited film. These findings will impact the fundamental understanding of the spontaneous formation of oxides on other metallic surfaces.
